purpose: To summarize and compare radiological and clinical outcomes of open wedge high tibial osteotomy (HTO) using imageless computerassisted navigation with conventional HTO. methods: A literature search of online register databases was conducted. The risk ratio (RR) of radiological outliers and mean differences in clinical outcomes were compared between navigated and conventional HTOs. Radiological results were evaluated by subgroup analyses according to the study period (concurrent/consecutive) and the use of locking fixation device. results: Seven comparative studies with a total sample size of 406 knees were included in this review. Radiographically, the mechanical axis [MA] was within the acceptable range (0°-6°) in 83.7% of the navigation HTO group, showing significant difference from 62.1% of the conventional HTO group. Clinically, despite the forest plot demonstrating a general trend of favoring the navigation system, there were not sufficient studies to determine statistical significance in the meta-analysis. None of the subgroup analyses demonstrated significant differences in the RR of MA outliers. conclusions: The present meta-analysis indicates that the use of navigation in open wedge HTO improves the precision of mechanical alignment by decreasing the incidence of outliers; however, the clinical benefit is not conclusive. Additionally, none of the subgroup analyses demonstrated significant difference in the RR of MA outliers. 
. It has been considered a successful procedure to correct varus malalignment by shifting the weight-bearing axis to the unaffected lateral knee compartment. Brouwer et al. 2) , in their Cochrane review, analyzed 13 high quality studies to demonstrate the efficacy of HTO. All the studies included patients with medial compartment arthritis. They suggested that knee osteotomy was an effective treatment for improving knee function and providing pain relief. In general, HTO has been considered a better choice for younger and physically active patients who suffer from unicompartmental knee osteoarthritis.
After the introduction of computer-assisted systems for orthopedic surgery of the spine 3) and pelvis 4) and total joint replacement 5) , they have also been used for HTOs 6) . Computer navigation systems were designed to improve the precision of implant positioning, and the technology has continued to evolve with hardware and software upgrades. Based on a review of current literature suggesting the use of computer-assisted navigation system for improvement in limb alignment and implant positioning [7] [8] [9] [10] , we conducted a meta-analysis of comparative studies to determine whether computer-assisted navigation HTO improves limb alignment compared to conventional HTO. The hypothesis was that navigation HTO would result in more accurate limb ) is the major goal of HTO, this radiological measure was used as a primary endpoint. Radiological outcome data were comprised of mechanical/anatomical leg axis, coronal tibial angle, and sagittal tibial angle. Functional scores were used as the secondary endpoint, which included the Hospital for Special Surgery (HSS) knee scoring system, Knee Society score (KSS) (summation of the functional and knee scores), Lysholm knee scoring scale, modified Cincinnati knee rating score, and visual analogue scale (VAS). In addition, study setting, study year, population, type of navigation system, method of osteotomy gap management (usage of bone graft material), and the type of fixation device were documented.
Statistical analysis and Synthesis of results
For continuous variables, a random effect model was used to measure the weighted mean differences. For dichotomous variables, such as the prevalence of outliers of the leg axis alignment, the differences were determined using the risk ratio (RR) and 95% confidence interval (CI) as the summary statistics. Radiological outcome was considered ''acceptable'' when the MA was 0 o -6 o , whereas ''outlier'' when the value was less than 0 o or more than 6 o . I 2 statistic was used to evaluate statistical homogeneity. A score between 0% and 100% is possible on the I 2 statistic. A score of ≤25% corresponds to low heterogeneity, 50% to moderate, and 75% to high heterogeneity 12) . Forest plots were also used to assess heterogeneity. The chi-square statistic p-value was used to determine homogeneity. The lower the p-value is, the greater the tendency for a study to be heterogeneous. Generally, a p-value of <0.05 is considered to suggest heterogeneity. The RR was utilized to check probability relationship between two binary variables. A RR of 1 implies that the event occurs equally in both groups. A RR of >1 indicates that the event is more likely to occur in the first group (conventional HTO group in this review). Further subgroup analyses were performed with regard to the radiological outliers according to the consecutive vs. concurrent patient series and the use of a fixation device. All statistical analyses were performed using RevMan ver. 5.3 (The Nordic Cochrane Centre, Copenhagen, Denmark) and SPSS ver. 10.1 (SPSS Inc., Chicago, IL, USA).
results

Search results
A total of 397 articles were identified from the keywords search 17 "Knee Osteoarthritis" or "Osteoarthritis Of Knees" or "Osteoarthritis Of Knee" or "Genu Varum" or "medial gonarthrosis" or "valgus knee" or "varus knee" or "varus deformity" or "valgus deformity" or "Genu 25 "Computer-Assisted" or "Computer Assisted" or "Computer-Aided" or "Computer Aided" or "Image-Guided" or "Image Guided" or "navigation" or "Navigated":ti,ab,kw (Word variations have been searched) , and 377 studies were excluded after reviewing titles and abstracts. The remaining 20 studies were evaluated for full review and 13 studies were excluded for various reasons, leaving 7 studies eligible for review ( Fig. 1 ). All studies were written in English, and they were all retrospective comparative studies. All studies were on open HTO [13] [14] [15] [16] [17] [18] [19] . All studies used the Orthopilot Aesculap navigation system (B. Braun-Aesculap, Tuttlingen, Germany). There were 3 studies 13, 15, 19) with consecutive and 3 studies [16] [17] [18] with concurrent patient series. Allograft bone material was used in 5 open HTO studies [13] [14] [15] 18, 19) . Two studies 16, 17) did not mention whether they used bone material for the osteotomy gap. Autogenous bone material was used for conventional HTO group in 1 study 18) .
Fixation was performed with a locking device in 3 studies 13, 16, 17) and a non-locking device in 4 studies 14, 15, 18, 19) . The characteristics of included studies are presented in Table 2 .
Quality assessment
The methodological quality of each study was assessed using the Newcastle-Ottawa scale (NOS) 20) . The assessment was carried out on three domains: study group selection, inter-group comparability, and ascertainment of exposure and outcome of interest. With regard to the "selection" (four numbered items) and "exposure" (three numbered items) domains, each assessed study could be awarded a maximum of one star for each numbered item. Regarding the "comparability" (one numbered item) domain, a maximum of two stars could be awarded. On the NOS, the higher the score, the higher the study quality ( Table 3 ). All of the scores were determined by the two reviewers (Kim and Yoon), first independently and then by consensus. Details on the NOSbased methodological quality assessment of the included studies are presented in Table 3 . The non-randomized studies had cohort and control groups (in each study) that were well-matched in terms of demographics, prognostic variables, and surgical technique.
clinical results
Three studies 16, 17, 19) did not report preoperative and postoperative clinical outcomes. There were 3 studies 13, 15, 18) using Lysholm scoring system, 2 studies 13, 14) using KSS, 1 study 15) using HSS score, 1 study 14) using VAS, and 1 study 14) using modified Cincinnati rating system questionnaire. Although the forest plot demonstrated a general trend of clinical outcomes (KSS and Lysholm scoring system) favoring navigation-assisted HTO (Fig. 2) , there were not sufficient study results to determine statistical significance for the meta-analysis.
radiological results
The MA of the lower limb was the most frequent measurement [14] [15] [16] 18, 19) , with an ideal value defined as 0 o -6 o . Multiple studies measured the anatomical femoro-tibial angle (FTA), MA%, and medial proximal tibial angle (MPTA). Several papers [13] [14] [15] 18) included the posterior slope angle of the tibia or sagittal tibial alignment and the change in tibial slope angle, but due to various measurements, such studies were not included in the metaanalysis.
Five studies 13, 14, 16, 17, 19) presented the radiological results in terms of the number of knees in which the measured angle did not fall within the acceptable range; "outlier" with an MA of less than 0 o or more than 6 o (Table 4) . In these 5 studies (279 knees) 14, 15, 17, 18, 20) , Fig. 1 . PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analyses) flow diagram. Radiological evaluation was conducted postoperatively once the patient could achieve full extension and painless distribution of 50% bodyweight to the affected extremity.
22 Kim (Fig. 3) . Regarding the MA malalignment of less than 0 o or more than 6 o (outliers), computer-assisted navigation HTO significantly reduced the incidence of outliers compared to conventional HTO.
Further subgroup meta-analysis was performed to identify any variable factors affecting the relative RR of MA outliers. Regarding the comparison of consecutive vs. concurrent patient series, chi-square test showed a p-value of >0.1 (i.e., 0.84) and I 2 statistic of 0%, suggesting low heterogeneity (Fig. 4) . On the comparison of fixation with a locking device vs. a non-locking device, chi square test showed a p-value of >0.1 (i.e., 0.40) and I 2 statistic of 0%, suggesting low heterogeneity (Fig. 5) . None of the subgroup analyses demonstrated significant influence of the variable factors on the RR of MA outliers.
complications
Clinical and radiological complications were reported in 3 studies [13] [14] [15] . Kim 14) reported no complication in the computer-assisted navigation HTO group and 2/13 cases (15.4%) of broken screws in the conventional HTO group.
discussion
The most important finding of the present study was that computer-assisted navigation HTO resulted in more accurate limb alignment (in terms of MA) with lesser outliers compared to conventional HTO. For optimum results in HTO, precise planning for limb alignment is needed, for which both computer-assisted and conventional techniques are currently used. Previously known conventional methods for correction angle calculation include the trigonometric principle, weight bearing line method, grid lines or reference to the joint line surface; however, their precision is limited and there is a high risk of technical error 21) . With respect to the radiological alignment after open wedge HTO, computer-assisted technique seems to be more useful in achiev- ing satisfactory alignment. However, the meta-analysis showed no notable clinical benefit of computer-assisted HTO. Out of 7 recruited studies, 3 studies 16, 17, 19) did not report preoperative and postoperative clinical outcome. The other 4 studies demonstrated heterogeneity in clinical scoring systems, rendering it impossible to obtain statistical significance in the meta-analysis. Therefore, clinical superiority of the navigation system for open wedge HTO could not be demonstrated. To our knowledge, this is the first meta-analysis comparing navigation-assisted HTO with conventional HTO. The majority of previous reports on HTO define correction target as an intersection of the MA with the tibial plateau at 62% 22) . However, reports regarding the postoperative limb alignment variables have been different. The acceptable range was defined as 50%-70% MA% in some studies 17, 23, 24) . An ideal range was suggested as 60%-70% MA% by Miniaci et al. 25) . Dugdale et al. 26) proposed 50%-75% MA% as the acceptable range. Some authors suggested acceptable range as FTA of 8 o -12 o valgus 27, 28) . Five out of 7 studies reported postoperative radiological outliers. Those studies presented the "acceptable" range as within 0 o -6 o of MA (Table 4 ). In the 5 studies (279 knees), the MA was within the acceptable range in 83.7% (range, 65% to 100%) of the computerassisted navigation HTO group, which was significantly higher than 62.1% (range, 23% to 78%) of the conventional HTO group (RR=1.37, p<0.01, 95% CI [1.06-1.78], I 2 =63%) (Fig. 3) . Regarding the MA outliers, computer-assisted navigation significantly reduced the incidence of outliers compared to the conventional method.
All 7 included studies reported postoperative radiological parameters, 2 studies 15, 18) , however, did not report the range of outliers. They only reported the absolute values of limb alignment. Kim et al. 15) reported a postoperative mean MA of 3.9 o (standard ) may all affect the outcome of HTO regardless of the use of computerassisted navigation system. However, these variable factors did not show any difference in the subgroup analysis (Figs. 4 and 5) . Further studies are necessary for analysis regarding these issues.
Several limitations of this study should be noted. First, as other meta-analysis studies, results of this study may have been affected by the type and number of variables incorporated into the primary studies. Second, all included studies for this meta-analysis were retrospective comparative studies. Thus, inherent heterogeneity among studies should be taken into consideration (I 2 =63%, Fig.  3) , and further well designed randomized control trials should be performed to confirm our conclusions. Third, the sample sizes of the studies were small; most of the study had less than 50 patients. Fourth, since all the studies used radiographic parameters, such as MA, MA%, MPTA, and FTA, for postoperative assessment, there is a potential for inherent measurement errors. Lastly, a meta-analysis could not be performed on clinical outcomes due to the heterogenic reports of clinical scoring systems as well as the lack of reports on clinical assessments.
conclusions
The present meta-analysis indicates that the use of navigation in patients undergoing open wedge HTO improves the precision of MA by decreasing the incidence of outliers. However, the clinical benefit of navigation-assisted HTO is not conclusive. Additionally, none of the subgroup analyses according to the study period and the use of a locking fixation device demonstrated significant difference in the RR of MA outliers.
